Abstract. This study investigated whether advanced glycation end products (AGE) and RAGE (receptor for AGE) are involved in the proliferation of leukemia cells. AGE strongly induced the proliferation of primary acute myeloid leukemia (AML) cells and cell lines. MAP kinase, PI3K and JAK/STAT pathways were involved in cellular proliferation of HEL cells by AGE. RAGE antisense S-ODN effectively inhibited cell growth, induced apoptosis and reversed AGE-induced expression of targeting molecules in HEL cells. The study demonstrated for the first time that AGE directly induced human AML cell proliferation via the MAPK, PI3K and JAK/STAT pathways.
Total cellular RNA was isolated using Trizol reagent (Molecular Research Center) at each time point. For RT reactions, 1 μg of total RNA was mixed with 0.5 μg of oligo d(T), 10 mM each dNTPs, 1 μg RNase II, RT buffer (50 mM Tris-Cl, pH 8.3, 30 mM KCl, 8 mM MgCl 2 , and 10 mM dithiothreitol) and 1 unit AMV Reverse transcriptase (Dakara Bio Inc.). Specific primers for AGE-R1, AGE-R2, AGE-R3, CD36 and RAGE were designed from known GenBank accession nos. (AG-R1 XM_001844, AGE-R2 NM_002743, AGE-R3 BC001120, CD36 S67532 and RAGE BC020669).
Preparation of AGE. AGE was prepared using a modification of the protocol described by Dukic-Stefanovic et al (16) . Briefly, BSA fraction V (1 mM) was glycated by incubating with 0.5 M glucose in 50 mM potassium phosphate (pH 7.3) /1 mM EDTA under sterile conditions at 37˚C for 8 weeks. Reaction mixtures were dialyzed against phosphate-buffered saline (PBS) to remove free glucose and were passed through a specific column (Pierce) to remove endotoxin. The AGE obtained was stored at -20˚C until used. Protein concentrations were determined using a Bradford-based assay (Bio-Rad Laboratories, Richmond, CA) (17) .
Cell proliferation. The in vitro proliferative effect of AGE on leukemia cells was determined by measuring the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide] dye absorbance of living cells (18).
Cell cycle analysis. Cell cycle distributions were determined by staining DNA with propidium iodide (PI, Sigma), as previously described (19) . The percentages of cells in the different phases of the cell cycle were determined using a FACStar flow cytometer (Becton-Dickinson, San Jose, CA) and Becton Dickinson software (Lysis II, Cellfit). The sub-G 1 population was considered to be composed of apoptotic cells.
Western blot analysis. Samples containing 20 μg of total protein were resolved on 12% SDS-PAGE gels, transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA) by electroblotting, and probed with anti-RAGE, anti-p-p38, antip-38, anti-IκB-α, anti-NF-κB, anti-p27, anti-PARP, anticaspase 3, 8 and 9, anti-CDK4, 6 and 2, anti-cyclin D1, E, A, anti-PCNA, anti-α-tubulin and anti-E2F antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-Bcl2 (Dako, Denmark); and anti-p-ERK, anti-ERK, anti-p-AKT, antipSTAT and anti-ß-actin (Cell Signaling). Blots were developed using ECL kits (Intron, Seoul, Korea) and detected by chemiluminescence.
Immunoprecipitation. Samples of total protein (100 μg) were incubated with anti-CDK2 polyclonal antibodies for 2 h at 4˚C, and then with protein A-agarose conjugates (Santa Cruz Biotechnology) for 1 h. The protein complexes so obtained were washed three times with immunoprecipitation buffer [50 mM Tris (pH 7.5), 0.5% NP40, 150 mM NaCl, 50 mM NaF, 0.2 mM NaVO 4 , 1 mM DTT, 20 μg/ml aprotinin, 20 μg/ ml leupeptin and 1 mM phenylmethylsulfonyl fluoride] and released from agarose beads by boiling in 2X SDS sample buffer [125 mM Tris (pH 6.8), 4% SDS, 10% ß 2 -mercaptoethanol, 2% glycerol and 0.004% bromophenol blue] for 5 min. Reaction mixtures were resolved on 12% SDS-PAGE gels, transferred onto nitrocellulose membranes by electroblotting, and probed with anti-cyclin D1, anti-cyclin E and anti-p27 antibodies (Santa Cruz Biotechnology). Blots were developed using ECL kits.
Kinase reaction assay. Total lysates were prepared and immunoprecipitated with anti-CDK2 polyclonal antibody (Santa Cruz Biotechnology), as described above. The phosphorylated proteins were detected by autoradiography.
Antisense phosphorothioate (S)-oligodeoxynucleotide assay.
The 18-mer S-oligodeoxynucleotide (ODN) for the antisense sequence of the 6th to 23rd nucleotides of RAGE cDNA (GenBank AB036432) were synthesized and purified by reverse-phase high-performance liquid chromatography (HPLC; Bioneer, Seoul) (14, 20) . The sequence of antisense RAGE was 5'-CTG CTT CCT TCC AGG GTC-3'. The sense sequence 18-mer was used as the negative control. (CD36) and RAGE in human myeloid leukemia cells are shown in Fig. 1A . The PCR products of AGE-R1 and RAGE were detected in all myeloid leukemia cell lines. A fragment of AGE-R2 mRNA was also detected in all myeloid leukemia cell lines except U937, and a fragment of CD36 mRNA was detected in KCL22, Meg01, K562, ML-1 and HL-60 cells. However, the PCR product of AGE-R3 was found in chronic myeloid leukemia K562 cells only. As shown in Fig. 1B , the expression of RAGE protein was observed in all leukemia cell lines examined by Western blot analysis.
Effect of AGE on the proliferation of human myeloid leukemia and normal mononuclear cells. We examined the effect of AGE on the proliferation of human myeloid leukemia cell lines using MTT assay. Cellular proliferation was noted in all leukemia cell lines after treatment with 200 μg of AGE for 24 h (Fig. 2A) , but BSA did not induce the proliferation of any leukemia cells (data not shown). A significant dose-dependent proliferation of cell growth was observed in HEL cells which showed the highest RAGE expression (Fig. 2B) . When HEL cells were treated with AGE (200 μg/ml) for 72 h, a growth response was observed (Fig. 2C) , characterized by a significant early proliferation (<24 h) and a later inhibition of proliferation after 48 h. Furthermore, cellular proliferation of primary AML cells was observed 24 h after treatment with AGE ( Fig. 2A ) in a dose-dependent manner. In contrast, AGE did not affect the proliferation of normal PB MNCs or BM MNCs ( Fig. 2A) .
Effect of AGE on the cell cycle and its regulatory proteins in HEL cells.
The effect of AGE on the cell cycle was determined in HEL cells using FACS analysis. As shown in Fig. 3A , HEL cells exhibited a significant dose-dependent increase in the number of cells in the S phase of the cell cycle after exposure to AGE (10-200 μg/ml) for 24 h. Compared to untreated control cells, the percentages of cells in the S phase increased by ~50% at an AGE concentration of 200 μg/ml. Eukaryotic cell cycle progression is regulated by a series of cyclin-dependent kinases (CDKs), and their activities are positively regulated by cyclins and negatively regulated by cyclin-dependent kinase inhibitors (CDKIs) (21) (22) (23) (24) . The treatment of HEL cells with 200 μg/ml of AGE for 24 h resulted in the upregulation of cyclin D1, E and A, CDK2, 4 and 6, PCNA, and E2F in a dose-dependent manner, whereas the levels of CDKI, p27 were dose-dependently downregulated (data not shown). In addition, the complexes immunoprecipitated by anti-cyclin D1 and E antibodies exhibited higher amounts of immunodetectable CDK2 protein from AGE-treated cells than from control cells. Furthermore, the amount of p27/CDK2 complex was reduced in a dose- dependent manner in AGE-treated cells (Fig. 3B) . Furthermore, treatment with AGE (50-200 μg/ml for 24 h) dramatically increased CDK2-associated kinase activity compared to untreated control cells (Fig. 3C) .
Evaluation of RAGE-related signaling in AGE-treated human myeloid leukemia cell lines. RAGE interacts with a variety of extracellular stimuli including AGE, amphoterin and the S100/calgranulins (6). We were interested in identifying signaling pathways activated by AGE, especially those of MAPK, PI3K (phosphoinositide 3 kinase) and JAK/STAT (Fig. 4) . The phosphorylated form of ERK was increased by incubating HEL cells with AGE in a time-and dose-dependent manner (Fig. 4A ). In addition, phosphorylated p38 kinase protein was increased in a time-dependent manner. However, a brief increase in p-p38 was found to be followed by sustained dephosphorylation after 1 h of AGE treatment (Fig. 4B) . When HEL cells were pre-treated with 10 μM of PD98059 or 5 μM of SB203580, and then stimulated with 200 μg/ml of AGE for 2 h, the upregulation of p-ERK (Fig. 4A ) and p-p38 (Fig. 4B) by AGE was abolished, respectively. PI3K is a heterodimeric lipid kinase and is thought to play a critical role in tumor cell survival when activated. As shown in Fig. 4C , AKT protein, a key downstream effector of PI3K action, was activated in AGE-treated HEL cells in a timedependent manner. This activation of AKT protein was inhibited by LY294002. Moreover, transcription factor nuclear factor of κB (NF-κB), which can be activated by intracellular signaling (e.g. AKT activation), was increased by AGE, whereas the inhibitor of κB (IκB), which regulates the activity of NF-κB, was reduced. Regarding the JAK/STAT pathway, phosphorylated STAT-3 and -5 were found to be upregulated dose-dependently by AGE, and c-myc protein (a nuclear target molecule of STAT) level was elevated in AGE-treated HEL cells (Fig. 4D) . The phosphorylated forms of ERK, STAT-3 and AKT were also increased in U937 cells (the second highest RAGE expression 10 leukemia cell lines) treated with AGE in a time-and dose-dependent manner (Fig. 4E) .
Effect of RAGE antisense S-ODN on the growth of HEL cells.
AGE mediates its effects through specific receptors such as RAGE (2, 8) . To study the effect of AS-RAGE on the growth of HEL cells, we subjected the cells to a transient transfection with antisense S-ODN for RAGE. The cells transfected with the RAGE antisense S-ODN (0.01 μM; AS-RAGE) exhibited a marked reduction in RAGE protein levels compared with that in cells transfected with vehicle alone (Mock), sense siRNA (0.01 μM; s-RAGE) and non-transfected (NT) (Fig. 5) . Next, we verified the effect of AS-RAGE on the growth of HEL cells by MTT assay (Fig. 5) . As expected, a marked cellular proliferation of HEL cells was observed 24 h after treating cells with 200 μg/ml of AGE. The growth of HEL cells with 0.01 μM of AS-RAGE pretreatment for 24 h followed by 200 μg/ml of AGE was inhibited by 90% at 24 h. Furthermore, incubation of HEL cells with 0.01, 0.1, 1 or 5 μM of S-RAGE for 24 h resulted in growth inhibitions of 36, 31, 25 and 50%, respectively, versus untreated control cells. In contrast, S-RAGE did not affect the cellular proliferation of HEL cells. Furthermore, combined treatment of S-RAGE and AGE resulted in the additive proliferative effect of HEL cells.
Effect of AS-RAGE on cell cycle regulatory proteins and RAGE-related signaling pathways.
Since AS-RAGE effectively inhibited HEL cell proliferation, this study investigated whether cell cycle regulators might be altered during the growth inhibition caused by AS-RAGE. Treatment of HEL cells with 200 μg/ml of AGE for 24 h enhanced the expression of CDK4 and 6, cyclin D1, E and A, PCNA, E2F and RAGE, and reduced the expression of CDKI, p27. In The effects of AGE on the binding of cyclin D1, cyclin E and p27 to CDK2 proteins. After treatment with 10-200 μg/ml of AGE for 24 h, total lysates were immunoprecipitated with anti-CDK2. Levels of bound cyclin D1, cyclin E, and p27 in each immunocomplex were determined by Western blot analysis. (C) CDK2 kinase activity. After treating cells with 200 μg/ml AGE for 2 h, CDK2 kinase activities were determined using a histone H1 kinase assay as described in Materials and methods.
contrast, these expressional changes were reversed by transfection with 0.01 μM of AS-RAGE for 24 h (Fig. 6A) .
CDK2 is a small serine/threonine kinase that regulates cell cycle progression (21-24), and as described above, the activity of CDK2-associated kinase was increased by AGE treatment. However, treatment of cells with 0.01 μM of AS-RAGE for 24 h before a 24-h incubation with AGE resulted in a significant reduction in CDK2-associated kinase activity (Fig. 6A) . In this experiment, major signal transduction pathways, including MAPK, PI3K and JAK/STAT were found to be necessary for AGE-induced HEL proliferation. In order to further investigate the possibility that the AGEdependent proliferative response is mediated via these pathways, the effects of AS-RAGE on important target molecules (ERK, p38, AKT and STAT-3) in these pathways was evaluated (Fig. 6B and C) . Pretreatment with AS-RAGE (0.01 μM) for 24 h inhibited the AGE-induced expression of p-ERK, p-p38 and p-AKT. Furthermore, NF-κB activation (NF-κB can be activated by P-AKT) was reduced by AS-RAGE (Fig. 6B) . A similar result was observed for STAT-3 ( Fig. 6C) . In addition, pre-treatment of HEL cells with 10 μM of AG490 for 30 min and subsequent treatment with 200 μg/ ml of AGE for 2 h inhibited AGE-enhanced STAT-3 phosphorylation (Fig. 6C) .
Effect of RAGE antisense S-ODN on induction of apoptosis and apoptotic-related proteins in HEL cells.
Since cell growth was inhibited by AS-RAGE, this study performed in vitro apoptosis detection assays to determine whether AS-RAGE induces apoptosis in HEL cells by FACS. Apoptosis was induced in a time-dependent manner by treatment with 0.01 μM of AS-RAGE for 48 h (Fig. 7A) . In particular, the percentage of apoptotic cells was found to be ~39% at 48 h. In addition, activation of caspase-3 was associated with the induction of apoptosis by AS-RAGE. The expression of 32-kDa precursor (effector caspase-3 proform) was reduced after treatment with 0.01 μM AS-RAGE (Fig. 7B) , and initiator procaspase-9 was inhibited. Regarding PARP protein, a major substrate of executor caspases and a hallmark of apoptosis, Western blotting showed that 113-kDa PARP was degraded, as evidenced by an increase in the 89-kDa cleavage product in AS-RAGE-treated HEL cells. Concerning the relationship between Bcl-2 and Bax during AS-RAGE-induced apoptosis, Bcl-2 was reduced (Fig. 7B) , but Bax was constitutively expressed at an unchanged protein level (data not shown). The expression of caspase-8 was also unaltered during apoptosis.
Discussion
This study investigated the proliferative effect of AGE on AML cells. AGE is known to induce a variety of cellular events, including inflammatory response and cellular proliferation, possibly by interacting with several functional AGE receptors, thereby modulating disease progression (2) (3) (4) (5) (6) (7) (8) . We demonstrated that RAGE mRNA and protein were expressed in all leukemia cell lines examined by RT-PCR and Western blotting.
AGE induced the proliferation of AML cell lines as well as primary AML cells. In contrast, proliferation of PB or BM MNCs was not affected by AGE treatment. These results suggest that AGE may selectively act on leukemia cells.
Additionally, the cell proliferation assay was performed for 72 h in HEL cells which expressed high levels of RAGE. Treatment of HEL cells with AGE significantly increased cell proliferation compared to control cells until 72 h in serum-free conditions. Cellular proliferation at 200 μg/ml peaked at 12 h in HEL cells and then subsided.
Although unclear, our HEL cells proliferated generally in serum-containing medium. To exclude any potential effects of serum, the cell proliferation assay was carried out in serum-free condition. Thus, decreased OD values of HEL cells might have been due to a serum-free condition.
AGE-induced HEL proliferation was found to be associated with cell cycle progression. Cell cycle analysis revealed that study, the protein levels of cyclin D1, -E, -A, CDK2, 4, 6, PCNA and E2F were increased in a dose-dependent manner by AGE, whereas the levels of CDKI, p27 protein were dosedependently reduced. In addition, CDK2/cyclin D1 and CDK2/cyclin E complexes in association with G 1 progression were detected largely in AGE-treated cells. Furthermore, the observed reduction in p27/CDK2 complex formation and increased CDK2-associated kinase activity support the notion that progression from G 1 into the S-phase is mediated by the upregulation of CDK2-associated kinase activity in association with reduction of CDKI, p27 in AGE-treated HEL cells. In particular, AGE-induced G 1 to S progression was confirmed by treating HEL cells with AS-RAGE, which showed that the expression of these cell cycle regulatory molecules was reversed by 0.01 μM of AS-RAGE treatment for 24 h.
ERK and p38 are archetypal molecules of the MAPK superfamily. ERK activation is induced by response to a variety of mitogens and growth factors, and its sustained activation eventually triggers cellular proliferation (25) (26) (27) . In HEL cells, AGE elicited substantial dose-and timedependent activations of ERK and p38, and these activations were inhibited by PD98059 and SB203580, respectively. These results suggest that the proliferation of HEL cells induced by AGE might be dependent upon or tightly regulated by MAPK pathway activation.
Next, the involvement of the transmembrane protein tyrosine kinase (PTK)-dependent PI3K pathway in AGEstimulated HEL cells was investigated. Activated PI3K phosphorylates the membrane lipid PIP2 to PIP3, which acts as a membrane-docking site for a number of cellular proteins including AKT. In this study, AGE induced phosphorylation of the AKT in HEL cells, and the expression of p-AKT was inhibited by LY294002, suggesting that the PI3K pathway was activated by AGE.
JAK (janus kinase), another non-receptor tyrosine kinase, phosphorylates STAT (signal transducer and activator of transcription) transcription factors, which translocate to the nucleus and activate target genes. Accumulated data indicate that the RAGE-AGE interaction is mediated via a JAK/ STAT pathway in various cell types (28) . The present study also showed that AG490 and AS-RAGE reversed AGEinduced STAT3 phosphorylation in HEL cells. Thus, the JAK/ STAT pathway is involved in AGE-induced HEL proliferation.
NF-κB is known to be a positive regulator of cell cycle progression, and it activates target genes, such as cyclin D1, D2, D3 and E (29) (30) (31) . NF-κB is also an important regulatory factor for a transcription factor, c-myc protein, which regulates a distinct set of target genes whose functions are associated with cell proliferation or apoptosis. Our results showed the upregulation of NF-κB and c-myc, and the downregulation of IκB in AGE-treated HEL cells. These results suggest that AGE-induced proliferation of AML cells were eventually mediated via activation of NF-κB.
This study went on to examine the effect of RAGE in HEL cells, and found that AS-RAGE effectively inhibited HEL cell proliferation. This inhibition was found to be associated with the induction of apoptosis by AS-RAGE. The level of pro-caspase-3, -9 and Bcl-2 were degraded by treatment with AS-RAGE, and the PARP protein, a major substrate for executor caspases and a hallmark of apoptosis, was degraded, as evidenced by increased levels of the 89-kDa cleavage product in AS-RAGE-treated HEL cells. In particular, caspase-8, the most proximal caspase in the Fas receptor signaling pathway, was not activated, which suggests that AS-RAGE does not trigger apoptosis via Fas receptor signaling. Based on the results of this study, we speculate that the action of AGE is probably mediated via an interaction with RAGE, since RAGE attenuation by AS-RAGE was associated with the inhibition of cell proliferation by AGE.
Although this study did not completely analyze all steps along the RAGE-related pathway, it reports for the first time that AGE directly induces human AML cell proliferation. Based on this finding, we speculate that RAGE ligation by AGE may cause HEL cell proliferation via the MAPK, PI3K and JAK/STAT pathways, thus leading to the activation of nuclear transcription factors, such as NF-κB and c-myc, and ultimately to the triggering of the cell cycle machinery.
Finally, these results suggest that the targeting of the RAGE/AGE system may provide a new therapeutic target for the prevention and treatment of acute myeloid leukemia.
